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Abstract

Classification, dccompositicm ad modeling of polarimctric SAJ< data has rcccivcd  a great dc.al of

at[cntion in the rcccn( Iilcraturc,. ‘1’lm objcctivc  behind these cffor[s is to bc(kr understand lhc scatkring

mc.ch:inisms  which ~ivc rise to the polarimctric  signalum  seen in SAR image data.

An approach bas been dcvclopcd,  which il~volvcs  the fit of a combination of three simple scattering

mc.chanisln.  s to polar  imctric  SAR obfcrvations. ‘1’hc mechanisms arc canopy  sc.atlcr from a cloud of

randomly oricn{d  dipO]CS,  cvm-  or doLlb]c-boLlncc  SM([CI’ from a p:iir of orthogona] Sllrfaccs  Wllh

different cticlcctric  comtmts  ad IIragg sca(kr  from a mdcratcly  rough surf ace.. ‘1’his composi[c  sca((crirlg

mode] js Lncd to dcscribc ttlc~)o]al’i]llctric t~acksc.at(cr  frc)lll  naturally  occLming  scatterers. ‘1’hc moclcl is

shown to dcscribc the behavior of polarimctric  backscat(cr from tropical rain forests quite WC]], by

app] ying it to data from NASA/J1’I .’s AI RSAR systcm. “J’IIc  mock] fit allows clear discrimination bctwccn

flooded and non-floodccl  forcsl, and bctwccn forcstc(i and dcforcs(cd  areas, for cxamp]c.  “J’hc mode] is

also shown to bc usable. as a prc.dictivc. tool to c.stimatc tk c. ffcc.ts of forest in Lln(iatiotl  and ciis(urbancc on

lhc fully polarimctric radar siguaturc..

An advantage of this model fi( approac}l is tha[ (IE scatkxing contributions from the (hrcc basic

sc.attcring mechanisms can bc cstimatd  for each polar imctric  SAR image pixel. 1 ;urt}lcr,  i( is S1)OWH  lhal

the contributions of tlm three scattering mechanisms to the I It 1, } lV, ad VV bachcattcr  can bc calculated

from the mode] fit. }iina]ly, this mode.]  fit approach is justified as a simplificatim  of more coml)licatc.d

scat(cring  models, which require many inputs  to solve tbc forward scattering problcm.

1. lNrl’ltOI)llC’J’loN

A major problcm  in analyzing pc)larinlctl ic SAR data such as that produce.d by the NASA/JI’l.

All<SAI< and SII<-C sys(cms is in understanding the scattcril]g  mcchanisnls  which give rise to fca[urcs in



I . .

(IK diffcrmt  ~mlariza[ion paranmtcrs.  l<cscarclms, on examining SOIIK polar inmtric  SAR data from (kit

sum of intc.rcs(  for ttlc first time, often noficc uJIusual  brighl  or dal k fctiturcs when displaying mm of tlm

many possible polar  i7tation  rcprcscntations of the data (e.g. Iota] power, 1111, VV orl IV cmss-section,

syntllcsiz.cd cross-sections for arbitrary (ranslllil  and rcccivd  polarizations, 1111-VV I>l):isc{liffclcl]cc,

1111-VV cxmdalion cocfficic.nl,  etc. ) It is usually Ixmincnt  to ask what sca[tcring  nmhanisms  give rise fo

tllcol)scI’\’c(lf  catlll’cs?

MLIch  cxccllcnt work (for cxamp]c [1] - [5]) has been ctonc  on modeling polarimctric  radar

backscatlcr  for both naturally occurring terrain and Illan-nmdc  objects. ‘1’hcsc models arc usually complex,

and rcquim a large nmnbcx of input paramctc.rs to succcssfLllly pmtid  tbc. obsc<rvccl  backscattcr. l;or

example, in nmlcling  Il]cl)ackscaltcr lcllrrr] from a forest, nmasLlrcnlcnts of tree hcigbts  and diameters,

tree density, lc.af si~ic  and angular distribution, branch si~,c ancl angular distribution, trunk dielectric

cons(:tnts,  ~,round  rmghncss  and ciiclcc(ric cmns(anl  atccommon]y  required as inputs.  All tbcsc moclcls

solvcthc  ’forward ~>rot>lcjll’,  irl~>rcdictillg  t>ackscat(c.r  fmma jlllrll~>cr  of gr”ollrl(l-t>asc(i  mcaslrr’cmcnts of

tllcimagcdobjcc(s.  It isdifficu]t,  ifnot  impossiblc,to  irlvcr(  tllcscjllodcls  to pmvidcauniquc  solu(ion,

sijlll~ly  t>c.catlsc  tllcrlLlrlllJcrof input p:iramctcrs  (the ‘gromcl lruth” is often md larger than (IIC, number

ofoutput JJ:lr:il;lctcrs  (tllcra(lalr llcasllrclllcrlts)  itltllcf  oj~varcl~l rot~lc.111.

As mdcrstancling  of polarimctric.  scattering nlcchanisms  has advanced, some cxccllcnt  publications

havcajpar’cd  jn tbc]itcralurc  w]licll cal)\)c  LlscCitog,airl  abCtkl tlIl(]crstar)C]  iJlgofllo]arirllctl’ic SA]<

mcasurcmcnts. An early example can bc found  in lluyncn’s gmurlcl-breaking thcsjs [6]. Another goocl

example is van Zyl’s paper on classifying the dominant sc:it[cring  Jnccbanjsm for cacll  pixcJ [7].

])ccomposition  Of thC talgCt Scattering matIix intO ~ Ol[hOgOna] COlllJKMIC1ltS  baS been pl”OIKJSCd  by (~]oIJdc

[8], ]lO1ll”l:lrld  ]larrlCS  [9], Vall~y]  [J()]alld  Kl`ogagcr []l]. ~](JLl(lc arl(l~'otticr  []2])lavc IJrCJCillccC]ajl

c.xccllcnt  review of these dc.composition  theorems. A common liruittition of these decompositions is that

tbcy arc n~atllcmatically  bascct, and may yicl(i  combinations of 3 scattering matrices which can not bc

related to physical scattering models. ‘1’his is {iuc primarily to the rcquircmcnt  for orthogonality  bctwccn

tbc scattering components, and partly to the adoption of scat(cring  rnatriccs  of ‘had’ targets, sLJch as

metallic dihcctra]s  and trihcdrals,  in some cases

]n this paper, a tcchniquc  for fitting a physically-based, tlllc.c-corllr>oI~crlt  scattering mechanism

model to tlm polarimctric  SAR data itself, without ulili?,ing any ground truth mcasurcmcnts,  is prcscntcd in

scdion  11. ‘IIIc three scat(critlg  mechanism cojnjmncnts  included irl the model arc canopy scatter from

randomly oricntcct  dipoles, first-orxicr  IIragg surfidcc scatlcr and a dmblc-bounce sca[[cring mccllanism,

‘1’hc moctcl  fit yields an estimate of the contribution to tbc total backscattcr  of each of the three components.

‘1’hc backscattcr  contributions can also bc comparcct to give the relative pcrc.cntagc weight of each, or used



Nimatc  Ihc contribution of cad mechanism 10 (hc 1 II 1, IIV and VV backsca(tcr  (mm. ‘1’tm mmlcl fit IEis

aII equal numtm of input parfimde.rs  (tlm polarinlctric radar backscaltcr  mcasurcmcnts)  and outpul

paralmtc.rs (the backsca[tcr  contributions from each of (he three componc,nts  and two paralllctcrs

dcscrit)irlfi  thcm). ‘Jlc mdcl cat] bc applied 10 entire imgcs or to small areas within an i]wigc 10 give an

cstilllatc of the rc.lcvant  scat(crinc mccllallisms. ‘1’t~cmodc.t  hashcn  applid  to many (:-,1,- and l’l~alld

AI RSAR image.s of diffcrmt  types of terrain and to many <~- and 1,-lland  SIR-(: ima~cs. RCSUILS  arc.

prcsctltcd for (1)c moctc] when applied tot ropical rain forest data obtainc.ct  from AI RSAR.

. .

. .



11. ‘1’111( Mol)m.

‘1’llc  model fit incluctcs tlmc. VCI y simple scattering lnccllallislns,  as illustrated in l;igu[c  1. l;irst,

fm canopy  (or volume) scattcrins, it is assumed that the mlm return is fro]n a cloud of randoml  y oricntc.  d,

very II]in cylinder-]ikc scal(crcrs. }Iy making  several sinq>lifying  assLllnptions  the sccon&or(icr  s(atisl ics of

tbc resulting scattering ma[rix can bc. duivc(i. 1 ‘irst, let canopy scaltcrin~  bc rcprcscntcct by scattuinp  from

scat[cIcrs  wi(il the following scattering lnatrix when in stan(i:ir(i  orientation:

(1)

Wc lhc]l assume ti]at the scatterers arc I an(iomly  mic.ntcci  about  the ra(iar look ciircction with an allglc $

from tllc vcr[ical  polari~,ation (iircction. l;or a parliclllar  scattcrcr,  tile scattering matrix can bc found by

rotating into a coor(iinatc  systcm with vulicai  along the scattcrcr’s starl(iar(i orientation. WC, then calcu]atc

[Im sc:iltcrcd field an(l rotate back to the radar coordinate systcm “1’hc following equation ~ivcs the

scattering matrix in the raciar cmorciinatc  systcnl  in terms of the scattering matrix in the scattcrcr’s

umditla{c systcm:

( SY )(Vv ‘- Vb = cos$ si nq)

S1lV s]]}] - sinq)  cos~
s ()cos4) -sin$

sin$ c.0s4)
(2)

OJ] nluitiplying  the matricc.s  in this cqL1ation,  wc fin(i the following scaticring matrix:

Nt)tc timl tim ra(iar transmit an(i rcccivc coorciina[c  systems arc i(icnticai, resulting in a symmetric scat~cring
I]latrix,  with Shv =.. Svh. ‘1’ilc  probability cicnsity function for scattcrcr orientation is p(4)),  anci ti]c cxpcctcd

vatur  of :ii)y  function f(q)) is:

(f) = /2n [id) f($) p(4)) (4)
o
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Iigtuc  1. A sketch of the three scattering mechanisms: canopy scatter (to])); surface scat (cr (mictdlc);  and

double-bomcc scatter (bottom)
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.

(5)

Wc f“u~i}mr simplify by assuming tl)in cylindrical scaltcrcrs so that St, equals 1 and S}l equals  zero.

l;LirllICI  ~norc, wc assume a uniform orientation distribution p(q)), which gives al = as = 37c/4,  az = nll ald

a~ z as r. 0. In this case, taking out a factor of n, wc have, for the cal]opy (or volume) scatter:

(lsl~llr)=(ls,vf)=’



an(l ( SI)l,S;lV ) (: St,vs; ,v )
~ o (6)

lIK clcJLIl)lc.-l)c)LIIlcc  scattering colnponcmt  is Imdclcd by scattering from a dihedral corm reflector,

WIV3C  tllc lcflc.cl(~]s~llfacc.sc:ill  bc lll:i(lcf)f(iiffe.lclll  diclcdric  materials, corrcspmlding  to a ~,lc)llllcltllll]k

il~tcu:lcti()Il  folforcsts,  folcxalll]Jlc.'  l'l]c\~c1.tical  surfxc(c.  g. tllc[rLlllk)  tlasrcflcc[i(~Ilco  cfflcicI]tsl< (/l al]d

RIIJ foIl]()ri74(JIltal  allClvcrlical  ]J()1ari7ati()Ils, rcslJcclivcly.'  l`llcllori7J()rltals  tlrPdcc( tllc~rcJLltld)l  las1ircsIlcl

rcflccticm cocfficicntsl<g~l  ancl /<gv . ‘1’hc mode] can Ix maclc mm general by incorporating propa@ion

factolsCj~Yv  a1~dcJ2Yt],  wllclct llcyalcc. oIl]l~lcx,  wllicll rcl>rcscllta  llyattcllllatiol  lat~(i} Jilasccl]at]gcc)f

the vcrtical]y  and horizontally  polar ize.d waves as they propagalc  fl oln the radar to the ~round  and back

a~ain. in (his way the moctcl c:ia imlu(lc  the c. ffcc{s of pro~)agation  through a canoJJy layer or a trL]nk layer.

‘1’hc scattering matrix for doub]c-boL!mc scat(cring  is then:

C.i 2YV ]<gL) ](,,, ()
s=

o d zytl Rxll R,},
(-/)

‘1’hc scco[)d-order statistics for double-bounce sca[tcring, af{cr i]o11ilali7.a[ioll”  wilh respect to the VV term,

am:

and ( %hs;lv ) ( )= S]lvs;v  =0

2(ytl Yv) (Rg,l R,,, / Rg,, Rl,j )where U = c] (8)

‘J’wo kcy features of this model for CIC)LltJlc-lJcJLlllcc  (or even-bcmncc) scatter arc that the alnpli[udcs  of tbc

1111 and VV tcJmIs  do not have to bc c.clual,  an(i the phase diffcrcncc bctwccm  the 1111 and VV terms (i.e.

atg(Sl,#vv*)  or arg(ct))  dots not have to bc ~ n. 1[ will bc showtl Ja[cr that this is ncccssary to match the

observed bcJ~avior  of scattering from many na(ural targc.ts.

1 ‘or the surfmc  sc:ittcr,  a first-order Ilra.gg  mmicl is used, with sc.con(i order statistics (aflcl-

nor] 11ali7.at  ion):



am] ( shhsi]v ) (
= S])vs;v

)
=“ o (9)

W1K3C  [~ is ma]. 1 ‘or all of tlmc backscattcr  compcmcnts,  it is msumcd  [M IIic backscatlc.r  is rccipmcal.  It

has also Ixmn shown that the like- an(i cross-polarized rdums arc uIIcorIclald.  1 ‘urthcr, assuming that the

VO]IIII”IC,  (~{)ll~J]C.-l)OLlllCC  and SU1’fXX SCaltCJ’  COIll]X)IIC1l~S  MC. uncorlc]alcd,  lhC IOlti] SCCO1l(i  Ol[iC1’  Stali SllCS

arc tlm suln of (I1C above statistics for tbc individual mchanisms. ‘1’hus (11C mock] for tllc total backscattcr

(%J)=.W

and ( %hs;w ) ( )
= S,,vs:,v  u o (1 ())

Where.( hr ,.~f~ and~v arc (he surP~cc, double-bounce and vo]umc (or canopy) sca[tcr contributions to the

VV moss section. lf~$ ,~~ andfv  can bc estimatccl,  it follows from ( 10) that tbc contributions of surface,

(loLIIIlc.-lJtJlll]cc  ad volume scatlcr to tbc III 1, 1 IV and VV backscattcr  can bc readily scpara[ecl.

‘1’t~is model gives us four equations in five unknowns (ignoring the cross-products bctwccn  likc-

and closs pol). 11) p,cncra],  a sol Lltion can bc found if one. of tlm L] Ilknow J]s is fixed, Since neither (hc

surface. 01 cloLItJlc-tJoLIIlcc”  mechanisms contribute to the 1 IV tcrln in tt)c nmdcl, we can use this to estimate

tbc vollllnc scat(cr contribution directly. ‘1’hc volunlc  cc)lltrit>Lltit)ll,.fl,  O]fv \3, can tlu.xl  be subtracted off

the 1S}11[1
2, ISVV12 ancl S1lllSVV*  terms, leaving three equations in four unknowns:

@ht,p)=.mwmf

(11)



Aftcl vat) Y,yl [7], wc tlm clc.cidc  whether double-lmncc or surfacm scattc.r is lhc dominan~  ccm(ributioll  in

IIlc rcsidua]  basal on [k sign of the ma] part of S}IIISVV*.  If RC(SIIIISVV*)  is positive, we dccidc  (hat

suIfacc  scat[c.r is dominan(,  and fix (x = -1. If RC(Sll]l  SVV*) is ncga[ivc, wc dccidc that cioublc-lmtII)cc

scaltm is dominant in (1IC rcmainclc.  r and fix (1 : 1. ‘1’llc.n .[$ ,.{(] and (3 or u can bc estimated fronl ltm

residual I a(iar Illc:Islll’c.lllcllts.  ‘1’his appmich  will obviously work Imst wtlcm cilhcr .ff o].f~ arc close to

mm,  or whcm u or () are CIOSC to -1 or -I 1.

l:illally, wc cstima[c the contribution of cat

]’ =. ]’< + p(i +- ]’ =-“ -. (1 Shh 7 +-2

with l}s u .L (1

l’d =+ (

h scat(crirlg lnccllanisln  to tllc span, 1’,

?St,v + Sv,, ?1)

+1(12),

+ la12) ,

and 1’” = 8 f,, / 3

Note tlM 1’ is just 4 times the usual expression for total  power.

(12)



111. I{ IIXIJI,’1’S

II) March 1990, tk NASA/Jl’1.  AIRSAR was flown over an area arcmnd  Gallon JLIg in llcli~.c

which had bcm clmcJl  for i[]tcnsivc field study. ‘1’his intcmsivc  stu(iy am in JmllErn  IMi?c  is dominated

by old growl]) uIJland tropical rain fore.sl. “l”hmc arc. also small arctis  wl)ich Imvc been clcami  of [Ip]an(i

forest within the last five years and allowed to rc~,rmv. lJ) a(icii~ion,  tlmrc arc areas of almost pLIIc palm

forest, coJNistiJ)g  of cithcJ’  CO1lUIIC 01 botaJI palJN Irccs. “I”hcrc arc scvcrai  t y])cs of wctlan(i  forests. } Iigh

Jmrsh forest IIas vcgctatim  resembling tbc up]an(i  rain forest, but stamiitl~,  water is present ciuring  a large

por[ion of the year. llzl~o is another type. of wctlanct forest which grows in areas having  very poorly

(irainc(i  clay soils. ‘i’hc vegetation is short (Icss than 10 meters), [icnscly packc(i,  ami has sparse foliage.

Yet anothc.r  wctlallci  forcsl type is swamp forcs[, consisting of slmrl trees or slmbs growing in s[an(ting

water. lh.xidc.s  folcst, tbcrc arc rcc(i anti sc(tgc marshes. “1’iwsc arc areas of hcrbaceous vegetation in

stamiing watcJ. ‘1’ilc sccigcs  arc consi(icrab]y  taller timn rcc(is (200 cm versus 40 cm). In ad(iition to these

naturaily  occurrins vegetation types there arc agricilltural  areas consisting of clcarcci  areas, bare soil anti

various crops.

‘1’ilrcc.-frcqucncy, ll~lllti-]~olalizatic)Il  Ali<SAR data of ti~c ma were calibra[cd usiog comer

rcflcdors  dcploycci  in clearings near Gallon Jug. ‘1’hc Gallon Jug area is a large plantation surroundcci  by

rain forest. 1 ‘igurc 2 shows the rcsu]t of applying the moricl (icscribd in scctim  11 to this data. in the

]iigurc,  tbc contributions of each of tbc three scat[cling  mechanisms to the totai power arc shown for each

i}ixc],  with sllrfidcc  Scatter CO]OrCd blue, vo]llmc SGittCJ’ green ad ctoub]c-boLJIlcc rCd. ~csults arc S]1OWII

for all three AIRSAR  frcqucncics  (C-, 1.- anti l’-]hnd).  ‘1’hc relative s[rcIIgtl~ of each color in the resulting

Rcci-GrccJI-}lluc (RG1l) images can bc rclatcci  to tbc relative strcngtbs  of the scattering mchanisms. “1’hc

AIRSAR viewing ciircction is from tile to]) of each frame. A map of l:in(i COVCI for tile area SI1OWH in

l:igurc  2, basc(i on in-situ mcasurcmcnts  atl(i  011 aerial overflights of the Gaiion Jug area, is given in

l~igure  3.

‘1’ab]cs 1-3 show tyi>ical  backscattcr values for rcprcscntativc samp]cs for the lan(i cover types in

the Gallon Jug area, together with quantitative estimates for the coatribL1fions  to the total backscat[er  for

each of the three scattering mechanisms (1’s, I’d, and I’v). Average values arc given in cacb tab]c for the

incicicncc at]glc Oi, the span I’, tbc 1111 backscattcr (CJC)MI), the ratio of VV to 1111 backscattcr (cF’vV/cPhh),

the ratio of IIV to 1111 backscattcr  (oc)t,\,/oC)l)ll),  tbc phase (iiffc.rcncc  bctwccn the 1111 and VV

mcasurcnlcnts ~)] I]lVV* ( =- aJ’g(S]l]l  Svv*)), atl(i the corrc]ation  bc.twccn the 1111  an(i VV mcasurcmmts

mIVV*. Note tl~at l~o rcslllts arc prcscI~tc~ }lCIC for tlIC Nd&v*: Or W&W * tcrllls. “1’llis  is bccausc the

rcsu]ts were all close 10 Y.cro, cxccpt  in the case of the Iccds and sc(igc areas. q’hc reason for the non-z.cro



values ol)taimd for the like. - (0 cross-po]  cI{)ss-~J]cJ(iL]c(s  for [hcsc two cases wii] bc the subjcc[ of fut Llrc

pa])cr.

Results for land cover types markui  with an asterisk were obtained from AIRSAR ima~cs of

SCUM a(ijficcn(  to tbc onc (icpictc(i  in l;ip,urc 2, in (I]c Gaiion Jug area, :imi arc prcscn(cct  here bccausc  (hey

rcprcscnl some NnusLIal  features. ‘1’l]c sampic IcsLIils  arc amngcd  in each tab]c acccmiing  (0 tbc strength of

tlm obscrvc(i l’-lland  1111 backscattcr.  Rcccnt rcsu]ts linking this parameter to biomass (e.g. [ 13] and [ 14])

indica(c that the samp]c results arc ranked in or(icr of increasing biomass. Note that the cxpcc(cct noise

floor for each polarization is bctwccn  -25 and -XI ciH for the c~-]~an(i  AIRSAR Ma, and bctwccn  -35 and

-40 cil] fc)r the 1.- and }’-l]ancl  All{SAl< data, “J”hc noise floor for the span 1’ sboulci  bc 6 d13 above these

Icvc.is. 1 Ntimalc(i  backscat(cr  contributions wi(bin or below lksc ranges should bc consictcrcct  ncgligitdc.
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l~igurc  3: 1,an(i  c{)vcr  ]]]ap of (1]c c;allon  Jug area, Nor(ll-West llclim
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‘1’al)]c 1: Avc.raEc  l’-llancl backscaltcr  va]ucs aI~d cs[imatui  scat[cring fmclmnism cont r ibut ions  fm

diffcmnl  land mvcr t ypcs from Al RSAR 1 le.] izc. data
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‘I’llcrcsLllts  givc.11  i111:igtllc2aIlC1’1’alJlcs  1-3 showtbat  thcnmlcl  fits tllcsc:ittcrillg  bcl]a\~i[Jrfc)r

barcsoi]quitc wcll:it  ]’-ll:ind, witllstlrfacc  sc:i[[c]" l>cit~g  l}yfartl]c  stroI~gcst  c[JI~~1>oI~ct~t.  At l,-alld (:-

band, surface scatter is still dominant for barcsoil,but  a significant amount  of \’olLiIl~c scattcli  s~>lcscl~t.

‘1’llis indicates that pcrh:ips lhc small pcr[urbation nmclcl  uscci  for surface scatlcr is not ccmplclcly  valid fOr

[hc stlrfacc/wavc]cllgt~l in these cases, sjnce it dots not al]ow any dcpolarh.ation  due to surface scatter. ];or

open water, the small pcrlurbalion model fits quite well at all three frcqucncics, cxccJJt  for a ‘volume

scatter’ component which comes from an 1 IV measurement which is close to the level of the noi sc floor for

Cacl) Cllannc].

IJarmland has volume scaltcr  dominant at ~-lland,  but surface scatter dominant at 1,- ancl P-hand.

‘1’his can bc intcrprctcd [is indicating that the longer wavc]cngths arc penetrating the relatively short

vegetation in the fmnland  area, an(l the. backseat tc.r is mostly from tl]c under] ying ground.

‘1’hc model for volume or canopy scatter fits the observations for Upland }~orcst at I.-hand very

W C]] inclccd,  with only a sjnall anlount  of cloublc-bounce resulting from tllc. model fit, At ~;-lland  the

model woks quite WC]] for lJpland  l;orcst,  cxccpt for tbc prcscncc of a significant surface scatter  tcrjn, in

addition to the doJninant volume scatter term. ‘1’hc doLIblc-boLIncc tcrln is very small. III fact, this mix of a

dominant volume scatter term with a lesser surface scatter term is characteristic of all the forest classes at

~:-l]and  ill the }lclj~c data, At }’-l3ancl, the Upland l~orcst  has voluli~c or canopy scatter dominant, with a

now significant ICVCI of cloublc-bounce, which is 6.4 d]] lCSS than (or a factor of 0.23 which is just over



onc-fif(ll  of) the v o l u m e  scatlcr tcm. ‘1’his is to h cxpcctcd, ~ivcn  the iaclcasui ai~ility al Iongm

wiivclcngti]s  (0 pcnctralc  vegetation cmopic.s wi]ich has been notcci in scvcrai  stuctics, c.g,. [ 1 5].

liorcst  areas which show significantly incrcascci  lCVC]S  Of timlblc-tmuncc  relative 10 volumc  scxilkr

at l)-]lan(i (whcm c o m p a r e . c i  witi~ tiIc Uplan(i  liorcsl) atc IIajo, .Swamp l;orcst, l’aim  l:orcs[, I;]oo[ic.(i

1 hcst anti tim G3ffcc l’lanlat ion. ‘I”imc  areas can bc ctmactcri~.mi  as having cithcl a lower canopy ilcigilt

than lhc Upland  liorcst,  m a sparser canoJJy,  or a wctkr ground surfidcc, m scmc ccmbinatim  of the three.

‘1’ilc  same areas, with the cxccp[ion  of (bc floodcci  forest, exhibit an incrcascd ]cvc.i of {ioLlb]c-bounce

rc.lativc  to volume scatter a[ 1 .-llan(i, but to a lesser cicgrcc.  “1’here is a significant incrcasc in the doublc-

bouncm  tam for the Swamp forest an(i 11i811  Marsh 1 ~orcst  at C-llanci.

Rcgrow[h  is clearly scparab]c  from lJplanct IJorcst at }’-lla~ld  since the ICVCJ  of canopy sca[tcr is

significantly lower (-1 2.1 compared to -8.8 (ill). ‘1’his rcsLllt  stems from the difference in the level of 1 IV

backscattcr  for these two classes, which can bc intcr}mtmi  as a Ciiffcrcncc  in the level of biomass, with tllc

l<c~rowth  being lower. At 1.-llanci, the ICVC1 of cal]opy  scattc.r  is only slightly ]owcr (by 1 ctl]) for the

Regrowth, which can not bc regarded as significant. 1 lowcvcr,  it may bc possib]c  to diffcrcntiatc  bctwmn

tlm (Iplai)d liorcst and the ]{cgrowth  bascct on ti)c prcscncc  of an incrcasc(t lCVCI of surface scatter for the

l<c~,row(ll.  At ~-llan(i, tile Rcgmwth  an(i lfplanci 1 ‘OICS{  results arc virtuaily  idcnticai.

Sc(igc is illdistillguisllal~lc  from Uplancl  IJcwcst at ~-llanct, but exhibits an incrcascct  ICVCI of

double-bounce (relative to canopy scatter) at 1.- and P-hand. Reeds have a relatively large fraction of

cioublc-bounce at each frequency, bLlt only at {~-l~and  is the overall ICVC1 of the backscattcl’  very high (1’=

-8.2 d]]). l~oth Rcccts  and Sedge can bc clmactcrizc(i  as a collection of cylindrical objects over a wa[cr

surface. ‘1’hc major ciiffcrmcc bclwccm tim two is in vcgctatioll  ilcight  anti tllcrcforc  biomass. ‘1’hus an

intcrprc.tation  of tbc rcsLllts is that tbc Rcc(is l)avc cnoL]gh bionms to give a significant ICVC1 of vol LJn~c  zin(i

(ioublc-bounce scatter at ~-band, but not at 1.- and l’-lland.  At all three frcqLlcncics, a large proportion of

the. backscat[cr  for the l<cc(is comes from the (iollt}lc-t~otlllcc”  intcractioli  bctwccn the cylinders and the

water surface. lior  the Sccigc,  tllc canopy  layer is too thick for the ~.-lland  to pcnctratc, so tbcrc is no

doLlb]c-boLlncc  [cm at that wavcltmgth.

‘J’hc Clear-cut area in the Gallon Jug scene is rather unusual, in tha[ at the time of the data

collcc(ion,  tbc. area had been rcccntly  bull -(io~,c(i, an(i the fdlcn  IICC trLlnks  an(i branchc.s wc.rc lying on the

gloun(i  lJrior to bLirning. ‘1’ilc  scattering mechanism rc,sults  in(iicatc t}lat there is an incrcasc(i level of

surpdcc scatter for this arm at all three frcqucncics,  bLlt  csl)cciaily at 1.- and l’-]land, ‘I”his can bc intcrprctcd

as an incrcasc in the lCVCI of the (iirCCt  rclurn from the tlCC-(lLIJlkS,  lying horiz,ontai]y on the ground in this

area.
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In ‘MM 1-3 wc hvc only prcscntcd  rcsul[s fcm the Upland I’mcst N me incidcncc angle (40

dcgrccs).  III liigurc  4 WC show the backscattcr mcaslwcmcnts  for Uplanci  l:orcst over a range of incidcncc

angle.s bc.twccn  21 and 58 dcgrccs.  ‘1’hc VV and 1 IV backscattcr  values arc fi~irly uniform across (11c range

of incidcncc  angles for 1.-and I’-llanct, while lhc 1111 results show a tendency 10 incrcasc al smaller

incicicncc  angles. At (;-llan(i,  all three polar  i~ta[ions show (1IC same sligiltly  (iownwar(i trend with

increasing inci(icnce  angle. ‘1’hc phase ciiffcrcncc bctwccn  1111 ami VV shmvs scmc variability at 1.- an(i P-

llami, and is mmtly z.cm at C-Ilanci,  cxccpt  at smaller inci(icncc angks.  The cOrrclatiOn  bctwccn  the two

like-pol mcasmcmcnts  is Pairly ccmstant  across incidence angles at C-Danci, but shws a slight but

significant increase at smaller incidcncc ang]cs at 1.- and P-hand. in liigurc 5 wc slmw the cstitlla[cci

backscattcr  mc.asurcmcnts  fm each frequency, again versus inci(icnc.c  ang]c. ‘J’hcsc results show a marked

incrcasc in the surface scatter term at I,- and l’-llan(i  at smalicr incidcncc  angles. ‘1’his can bc intcrprclc(i  as

an incrcasc  in tlm dire.cl rctmm from the ground. ‘1’ilc  results also show a (iccrcasc in the double-bounce

term at I’-llanct  mltsi(ic the range of inci(icncc,  angles bctwccn  30 and 50 cicgrccs. The C-llanct  results arc

fi~irly consistent across the full range of incicicncc angles. Note that the ~-Banci  (ioublc-botrncc  results arc

n]ain]y close to the noise floor for that flcqucmcy.  The slighl rise ill the (iolltJlc-lJotlIlcc  term at smaller

inc.idc.rlcc<  angles may (or may not ) bc significant, (icpcnding  on the bclmvior of the noise floor in that part

of the data
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“1’lm results prcscn(wl in sc.c(ion  111 for l’-l)and  AIRSAR data over [he. Gallon Jug area indica(c that

surface scattering is not an important contribution foI [Jplancl  1 km-x( for incidcncc  angles greater than 30

dc.grc.cs.  So (hc badwcatlcr for I Jp]anci  JJorcst at l)-lland in this rang,c is \\’cll-clcsclit  Jc.(1 by a Lwc)-

c()ll~l>(~llctll  vclsiollc  )follrl llo(lcl,  as(lclJic(c.d  it11;igL11c6,w’itl]  <~Y = Oitl(l O), i.e.,

and ( Shhs;,v )( )z: S,,,,s;v  = o (13)

Recall fron] (8) that u rcprcscnts  the relative anlplitudc  and phase diffcrcncc bctwccn the 1111  and VV

backscallcI  for ctoublc-bounce and is given by {hc prodLlc[  of a term which rcprcscnts  propagation throL]gh

tbc canopy and the ratio of the 1111 and VV reflection terms for the ground-trunk interaction. “J’hc canopy

propagation term can bc separated into two terms, onc rcprcscnting  propagation through the canopy layer,

the otbcr a layer cmsisting  only of hunks, as ctcpictcct  in l~igurc 6. ‘l”bc rcflc.ction  terms for the groLlnd ancl

tmnk can also bc separated into (WO terms, so that u can bc written:

(14)

It is possib]c,  after [ 16], to calcu]atc the rcftcction coefficients for the ground and trunk, if the

dielectric comtants of tbc two, the lrunk radius and the incidcncc  angle arc known. Adoptin~  values from

‘1’able  4 for the trLmk dielectric constan(  of 40- 20i [ 17], for tbc groLlnd dielectric constant of 4- 0.5i

(rclmscnting  dry soil, after [ 18]), a trLlnk radius of 0.1

obtain:

l(g}l u 1.8 1/8,,

m, and an incidcncc  angle of 40 ctc~rccs,  wc

and arg (/-i’Rli //{gl, ):0 (15)



Note tl)at tl]c reflection cocfficicn( for the 1 l-component is larger than that for the V-component, as note.d

0[1( by OtllCTS.  ]:01 (k ~1’llnk  (CTlll, WC Obtain:

Nt,, :- 1.3 R,,, I and alg (1{,/, //<1,, ) ? 135.8

Our calculations show that, for a randomly oricn(cd canopy, the cxpcclcd  value of the I 1 and V

propagation terms am such that,

(’Y )t] Car)oj)y
n (’Y )v Calmpy

which leaves only the propagation througl) the hunk layer’, as projmsed  by Ulaby  cl al [ 16], which

rc.su]ts in a change in the phase of u duc to propagation of

~lg{ CJ2W- w),,,,,,k-d~ya”o [1111 {“1’,,(0, n)} -1,11 {Tv(o> 4}]

(15)

(16)

WIKTC N is (IIC numbcx density of the trL]nk  layer, h lhc height of the lrLInk layer, k (I1c wave number, and

[I]c ‘1’11  and TV lcrms rcprcscnt lhc forward sc:ittcrcct  field at each polari~ation  for a single cy]inctcr.

lie] the IIelim data, from l’able 4, the lJplanct  l~orcst  is -25 m high, with a trunk layer -15 m in

height, and the nmnbcr  density of the trLlnks is -0.1. At l’-llancl, for an incidcncc  an~]c of 40 dcgrccs, wc

calculate:

arg{ c~ ‘~11  - 
~V)) ~ 26.1

“1’hus mg[ct) = 161.9

Rc[urnin8  to (13), wc can predict some cl)arac(crist ics of the scattering behavior at l’-ljand for lJplancl

l;orcst at 40 dcgrccs, as a function of the relative contribution of lhc cloublc-bounce and volume sca(tcr,

i.e. as a function of (l>d/l)v).  ‘1’his is shown in 1 ;igurc 7. On the left-hand side of cacll  figure, the volume

sca(tcr tCIIH is dominan[, and the scattcrins behavior matches that dcscribc.d  by (6). on the right-hand side,

double-bounce scatter is dominant, and the scattering behavior nlatchcs  that dcscritmd by (8). As the

relative lcvc] of the Ctollblc-bounce term incrc.ascs, going from left tc) right, the phase diffcrcncc  incrcascs.
Note (hat bctwccn l’(l/l’v = 0.1 and 1 the phase diffcrcncc can take any value in (I1c range 10 to 160

ctcgrccs,  lnitial]y the correlation coefficient dccrcascs  as l’d/Pv incrcascs  from 0.33 to around 0.8 at l’d/1’v



4.

= 0.35. ‘Ilwrcaf[cr Ihc corrclaticm  cmfficicnl  incrcascs  towards  value of 1 fm dmtblc-lmuncc  COJlli}]CIC]y

domin:int.  ‘I”hc values Of 1lV/I111 ctccrcascs  shdily as the dmlblc- Imuncc  lcrm increases iil significance,

while the 111 I/VV term increases towards i(s value for double-bouticc complc(cl  y dominant. “1’hc general

IIcnds shown in l;igure 7 are cxmsistcnt with our observations of polarimctric  backsca[tcr  at 1,- anti P--Banct

for ]miny different forest :ircas, for which the phase diffcrcnm  is ilsua]ly soincwhcre t)ctwcc.n  O and 180

dcgi’ccs  (blit Of[cm COilSidC.t’ably lCSS than 180  dCgI’CCS), the C.orrc]:ition coefficient is typica]ly  ]OW (]CSS

than 0.5), the 1lV/111 1 ratio Icss than -5 d]] and the 111 WV ratio equal to or slightly higher than O dI1.

‘1’hc model presented in this paper dots not attempt to prcdic[  the absolute level of any backscattcr

li~casLircmcnl.  No(c, however, that the values on the charis for the 111 I-VV phase diffcrcncc, the 111 J-VV

corrcla(iot) coefficient, and the ratios of 1 lH/VV backscattcr  and 1 ]Vfl 11 I backscattcr  match  very well with

the rcslilts for Upland forest given in “1’able 1, for a ratio of ctoublc-bounce to volume scatter of bc(wccn

0.2 and 0.3, which is consistent with the observed ratio of 0.23.  Matching the bcllavior  of all four of these

parameters at ihc. saint time is difficult: very fcw successful attempts to dc) so arc. documented in the

likr:i(llrc.

RctLirning  to equation (7), it is clear that if the 11 and V };rcsnel rc.f]cction coefficients for the

forward sca[tcring  off the groLind, i.e. Rg/l and I{gl, , increase, (hen the slrcngt}t  of (he doLIhlc-boLincc

sca([cring  tcrln will incrcasc. in general, {his is prcciscly  what happens when inundation occurs, when the

ground  changes from soil or vegetation cover with a relatively low cliclcctric cons(ant and forward

rcflcctim cocfficicmt  to watt.r which has a relatively high cliclcctric  conslant,  and thcrcforc a high reflection

coefficient. (Tlic dielectric constant for water at P-Il:ind is 80- 2i compared with 4- 0.5i for ch-y soil). To

first order, then, inundation produces an increase in the relative strength of the doliblc-bounce  scattering

term comp:ircd to the \TolLin~c  or canopy scatter tc.rm. lkom “1’able 1, wc see that the flooded forest has 0.29

for the ratio of (loil[)lc-l~otillcc”  to volume scat[cr at I’-llan(i,  comj~arcd  with 0.23 for (he upland  forcs(. Wc

can scc from l;ig~irc  7 that an incrcasc of this order in the relative strength of (he double-bounce term will

tend to increase the 111 I-VV IJIMSC  diffcrcncc  and the 111 l/VV backscatter  r~it io. ‘]’hc IlV/111 I backscattcr

ratio will tend to dccrcasc, and the }111-VV corrc]ation coefficient will chai~ge  on] y slight] y. This broadly

describes the behavior of the floodcct fmcst results at P-llanct  comparcct  to the upland  forest rcsu]ts  in

‘1’able ] .

‘J’hc coffee plantation at the Gallon Jug site was sclcctivcly  thinned, i.e. the owner of the Gallon

JLIg site removed many of the trees from that area of foresi ii) order to grow a coffcc crop beneath the

shade of the remaining cai)opy.  ‘1’llis means that the number density (N) of hunks in the coffcc plantation,

:ind the. attenuation through the canopy and the tmnk layc.rs (i. e.. the ~1 and yv) were rccluccd in comparison

[o the nc,aiby  t]plaild forest. 1.ooking  at equations (7) atld (16) wc scc that the effects of this scJcctivc



.,

. .

(binning will bc to lower (Iw I 11 I-VV phase diffcrmm  inttmiuccd  t)y lmpaga(ion  [hrough  (k lrunk ]2tyCI’,

aIId 10 incmasc  (hc strcng(h of the ctoublc-boLIIw scattering tcr[n. Again, to first order, this cbangc  in tl~c

conditiol)  Of the forest produces an incmsc  in the ]clativc  strcngtll  of llE Ci(lLlt)lc-lJC)Llllcc.  sc:ittcring,  term

compared [0 the volume or canopy scatter term, assuming that the cal~Opy  is not Ihinnc(i so much that the

cancq~y scal[cr is significantly rc(iucccl.  COmJ)arinp,  (I1C coffcc plantation results with ttm upland  fmcsl

results in ‘1’able ], wc scc that there is a signiihnt  illcrcasc in (hc s[rcnglh  Of lhc ClOtltllc-t)C)Lltlcc  Icrm, but

not the vo]umc sctittcr term, so that the relative contribution Of (hc ClOLlt)lc.-l}CJLlllcc  (0 [hc volum scatter

incrcascs from -0.23  to -0.85. l;rom l;igurc  7, wc scc (hat this trc.net should Incan a significant iwmcasc in

tbc 1111-VV J)hasc diffcrcncc, i[~ the JIII-VV correlation cocfficicn(  and in [hc 1111/VV backscat[cr ratio.

‘1’here shoLIld also bc a corresponding dccrcasc in ttlc 1lV/J111 backscaltcr ratio. l’his is confirmed by tbc

rcsLll(s in “1’able 1 for l’-lland;  similar behavior can bc seen for the 1.-l~and results in ‘1’able 2.

‘1’able 4. lJpland  Forest paramc,(c.rs  used in prcdictinp,  tbc double-bounce scatter cbaractcristics  for the P-

IIaad Gallon  JL]g data
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---1

0.1 11)—— ——— .— d
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Ll~ht of trLmk layer, h
--k-l

l--Number density, N I 0.1 (m-z)— —— I
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A ncw tcctmiquc  for fitting simple backscattcr  mechanisms to polarimctric  SAR data has been

jmxcntcd.  ‘1’his nmdcl-fittillg  :ipproach has the advanta:,c [hat it is based on the physics of Jadar sca[tcring,

no[ a purc]y mathematical construct. ~’hc nmdcl dots not at[cmp[ (0 Imcdict  the abso]utc level of any

backscat[cr  nlcasurcmcllt.  1[ dots match very WC]] witl] the scncral polarimctric  behavior of [hc scattering

se.cn in a l~]~llti-frcqllcI~cy,  polarimctric data set obtained over a tropical rain forcs[ site,, containing a variety

of lanci  cover types.

‘1’hc.  nmtcl-fi[(ing  approach worked WC.11 whcii fitted to the radar scattering from tropical rain forest

over a wictc  range of incidcncc  angles. ‘J”hc results showed a possible increase in the dircc[ or surface

scattering contribution at lower incidcncc  ang]cs at 1.- and 1’-IJand.  ‘1’hc volume or canopy scatter term was

rclativc]y constant as a function of incidence angle. The double-bounce contributicm at P-Rand showed a

slight dccrcasc for incidcncc  angles either side of 40 cicgrccs.

‘1’hc model can bc L]scd to dctcrminc to first order what arc the dominant scattering mechanisms

which give rise [o observed backscattcr in polarimctric  SAR data.  Wc also showed how it can be used to

predict, in a qua] itativc sense, the cffccfs of certain cllangcs,  such as inundation and forest thinning, on the

radar backscattcr.  McasLu’able changes dLlc to these effects were seen at both 1.- and l’-lland in the fLllly

po]arin)ctric  radar signature, the changes being more pronounced at P-13and.

‘1’hc three-component scattering mechanism mode] may prove uscfLl]  in providing features for

distinguishing bctwcc.n different surface cover type.s and also may bc uscfu] in helping to dctcrminc the

CUI I CIII  state of that surface cover (cog,., flooctcd  or non-flooded anti froz,cn or lhawccl  trees). In future

work, wc intcnct to usc the scat[cring  mechanism images as classification features to allow differentiation

bclwccm  different land cover types. Wc also intc.nd  to extend (I1c scope of the model to inc}udc canopy

scat[clcrs wjth shapes o(hcr than dipo]cs, prcfcrrcd orientation (iircctions of scat(crcrs, and tilted surfaces.
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